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Abstract. The development of galactic fountain theories is reviewed with special
emphasis on the different approaches and concepts that have been used in the past. In
particular the outstanding contribution of Franz Kahn to our physical understanding
is appreciated. It is argued that galactic outflows represent an essential phase during
galaxy evolution. The dynamics of the outflow imprints its signature on the emission
spectra of soft X-rays, which may well be observable with AXAF and XMM. Finally,
some remarks about winds in starburst galaxies and AGN are made.
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1. Introduction
We present our review of galactic fountains and winds by emphasiz-
ing the different starting points and concepts that have led to its
description. This stresses the underlying physical ideas and pictures,
but is accomplished at the expense of not giving due credit to all the
individuals that have contributed so much over the years, and to whom
we apologize.
2. Overview of Fountains
2.1. The hot-phase approach
To our knowledge Shapiro & Field (1976, henceforth SF76) were the
first to coin the term “galactic fountain”. It is interesting to note, that
the idea developed in an effort to explain two key observations of a
new hot interstellar phase as two different phenomena of the same
plasma, viz. the ubiquitous interstellar Ovi line detected with Coper-
nicus (Jenkins & Meloy, 1974) and the 1/4 keV soft X-ray background
(SXRB; Williamson et al., 1974). An outcome of these and subsequent
investigations, however, was that these two observations should sample
different regions in the interstellar medium (ISM). Such a conclusion
is based on the assumption of collisional ionization equilibrium (CIE),
and as we shall see, need not be as stringent as hitherto thought. SF76
investigated two cases: a steady state and a time-dependent cooling
c© 2018 Kluwer Academic Publishers. Printed in the Netherlands.
breitschwerdt.tex; 30/01/2018; 10:37; p.1
2 D. Breitschwerdt and S. Komossa
model. They used the Ovi density 〈n(OV I)〉 as inferred from Coper-
nicus, assuming CIE; the fractional ionization n(OV I)/n(OI) is fixed
for each temperature T . Likewise, the emissivity Λ(T ) in a given en-
ergy band is constant, and the SXRB intensity in the galactic plane is
〈n2e〉Λ(T ). Apart from T , the only free parameter is the volume filling
factor fV of the hot component, which together generate a set of curves
for the pressure p/kB = 2ne T . For all admissible values of fV < 1,
p/kB ≥ 10
4.2 cm−3K, which is obviously in contradiction with the Ovi
line widths, which indicate that a substantial fraction of the gas is below
106 K. A possible solution of this problem is that the assumption of
steady-state, which enforces a global pressure equilibrium, is not valid.
For if it were true, then a very efficient cooling mechanism of the shock
heated plasma should exist. For an adopted value of T = 106 K, the
model requires ne = 0.01 cm
−3 and fV = 0.4 from which a cooling time
of 107 years results, an order of magnitude larger, as it were, than the
reheating time of a gas element of 106 years by supernova remnants
(SNRs) (Cox & Smith, 1974). Heat conduction in the ISM is also not
efficient enough, and in our view in general overrated in its importance
due to the efficient reduction of the mean free path of thermal electrons
by even very modest magnetic field strengths - a point that was always
emphasized by Franz Kahn. This leaves convection as the most efficient
way of removing thermal energy from the disk.
The previous arguments, although essentially correct, are largely
model dependent (e.g. on the filling factor for the hot gas), and one
can strengthen the argument for convection, following the analysis first
given by Franz Kahn (1981). Owing to the fact that the hot inter-
cloud medium (HIM), as deduced from the Ovi absorption line data,
must have a scale height largely exceeding that of the warm and cool
medium, one can ask if such a hot galactic corona1 can be in hydrostatic
equilibrium. The gas will settle down in equilibrium if the dynamical
relaxation time scale, τdyn, is less than the cooling time scale, τcool.
Defining the adiabatic parameter by κ = P/ρ5/3, Kahn’s (1976)
cooling law2 states: Dκ3/2/Dt = −q, with q = 4 × 1032 cm6g−1s−4,
and thus τcool ≃ κ
3/2/q. For τdyn ≪ τcool, c
2
h/ρh ≫ γ
3/2q/gz, with gz ∼
5×10−9 cm/s2, being the z-component of the gravitational acceleration
towards the disk, and ch and γ denote the speed of sound in the hot
medium and the ratio of specific heats, respectively. For a pressure and
1 The existence of a galactic corona was postulated by Spitzer already in 1956 as
a confining medium for high velocity clouds.
2 Franz Kahn, who combined physical insight with mathematical elegance dis-
covered an analytical expression for the intrinsically complicated interstellar cooling
law. Between a few 105 to 107 K, Λ(T ) ∝ T−1/2, which results in an integrating
factor for the time-dependent energy equation.
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density of the corona of Ph ∼ 10
−12 dyne/cm2 and ρh ∼ 10
−26 g/cm3,
the above inequality is heavily violated by one order of magnitude.
Does that rule out hydrostatic halo models once and for all? To answer
this, the equilibrium condition is rewritten as Ph/ρ
2
h ≫ γ
1/2q/gz or
c4h/Ph ≫ γ
5/2q/gz . The RHS does only vary with galactic radius R0,
since gz ∝ z/R
2
0 (Kahn, 1981), provided that z/R0 ≪ 1. Thus for a
fixed equilibrium pressure Ph, the outcome depends heavily on ch, and
therefore on the respective values of ρh and Th. In other words, although
for “standard” HIM values the halo should be dynamic, hydrostatic
solutions may be possible for high temperatures and/or low densities.
Physically this means that the HIM is too hot to be confined by the
gravitational field to a thin layer, rising into the halo towards a “thick
disk”. However, radiative cooling is too strong in order to attain an
equilibrium configuration, unless there is heavy depletion in metals.
A crude picture of fountain dynamics was given by SF76, and con-
siderably refined and improved by Kahn (1981). The uprising gas will
move subsonically a distance zc ∼ vzτcool, with vz ≤ ch, or zc ≤
c6h/(γ
5/2qPh) ∼ 1 kpc for ch = 130 km/s. At height zc thermal instabil-
ities will promote cloud formation. The clouds travel ballistically until
their kinetic energy is used up at roughly a distance zmax ∼ v
2
z/2gz
≈ 5.5 kpc, and gravity pulls them back to the disk, which in a 1D
fountain is the point of origin of the hot gas. Disregarding halo magnetic
fields, there is no drag on the clouds and they will strike the disk at a
velocity −ch, and may tentatively be identified with the so-called high
velocity clouds3 (HVCs), studied in absorption towards background
stars (s. Wakker & van Woerden, 1997). The mass flux of hot gas
into the halo is roughly M˙ = 2piR2gfVρhvz ≈ 29 fVM⊙/yr. SF76 used
slightly different HIM values, i.e. nh = 0.01 cm
−3 and ch = 170 km/s ,
which yields M˙ ∼ 30M⊙/yr for fV ∼ 0.4, in rough agreement with the
observationally detected HVC flux.
Ovi absorption line widths show (Jenkins & Meloy, 1974) that al-
most one third of the gas has temperatures below 5 × 105 K. In the
frame of the steady-state model SF76 could show that Ph/kB ≥ 10
6,
implying a number density nh > 1 cm
−3. In fact, it turns out that for
values of nh > 0.1 cm
−3 the radiative cooling time is less than the SNR
reheating time. Therefore Shapiro & Moore (1976) calculated time-
dependent cooling models. It is concluded that subsequent adiabatic
expansion would not allow the plasma to spend enough time in the
energy range of 1/4 keV X-ray emission. Spectra of isochoric cooling are
3 For practical purposes HVCs are defined as Hi clouds that deviate more than
50 km/s from the velocity range allowed by a simple model of galactic rotation
(Wakker, 1991). Note that a predominance of negative velocities is observed.
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presented only down to a temperature of 105.6 K. However, more recent
calculations of the SXRB, including the dynamical effects of expansion
and time-dependent cooling in a self-consistent fashion, show that the
emergent X-ray spectrum down to a temperature of ∼ 4 × 104 K is
still reminiscent of a 106 K gas, copiously emitting photons at 1/4 keV
by delayed recombination (Breitschwerdt & Schmutzler, 1994). We will
come back to this point below.
2.2. The HVC approach
A completely different approach was taken by Bregman (1980), who
analyzed the HVC flow and simulated it by a 2D axisymmetric hy-
drodynamical model. Although distances of HVCs are poorly known in
general, they appear as prominent chains on the sky covering a fraction
of more than 10%. As the observed HVC mass flux is in excess of
1M⊙/yr, the integrated HVC mass over a Hubble time is larger than
the present disk mass. The most likely explanations are that (i) if HVCs
are accreted, the process is intermittent or (ii) if the source of the HVCs
is the disk gas itself, then it enters a cycle of upwards motion, cooling,
condensing and raining back onto the disk. The main ingredients of
the model are (i) a realistic gravitational potential, consisting of a
bulge, disk and a spherically symmetric dark matter halo component,
(ii) galactic rotation and therefore conservation of angular momentum,
and (iii) equilibrium cooling. In particular rotation has some interest-
ing effects, notably that the disk and halo are not in corotation, for
the following reason. Let Ω(R0) be the position dependent rotational
frequency of the differentially rotating galactic disk, so that a gas ele-
ment has specific angular momentum l0 = Ω(R0)R
2
0. Centrifugal force
balance, Ω2r = geff , and conservation of angular momentum require
r =
(
Ω2(R0)R
4
0/geff(z)
)1/3
, where geff is the gravitational accelera-
tion now depending on r and z. Since geff decreases with height z,
the uprising gas will also move radially outwards. It has been shown
however, that inclusion of a magnetic field, anchored in the gaseous
disk, can enforce corotation of the halo due to magnetic stresses up
to the Alfve´nic critical point, typically at a vertical distance of a few
kiloparsecs (Zirakashvili et al., 1996).
Additional radial motion in Bregman’s model is generated by a ra-
dial pressure gradient in the disk, inferred from pressure equilibrium
between the hot, warm and cold ISM phases, Ph(r) ∝ nHI(r) +nH2(r),
decreasing with galactocentric radius beyond 6 kpc. Once clouds have
formed they lose pressure support and move ballistically. In summary,
the favoured model takes as input a density and temperature at the
base of the corona of n = 10−3 cm−3 and T = 106K. According to
breitschwerdt.tex; 30/01/2018; 10:37; p.4
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the simulations, the gas travels 2-3 times its original radial position
and 5−10 kpc in height before clouds are formed, returning to the disk
3−60×107 yr thereafter. The mass flux onto the disk is 2.4M⊙/yr and
the total mass of the corona is ∼ 7 × 107M⊙. The crude distribution
of HVCs, in particular a chain-like appearance, can be reproduced.
There are other interpretations of the HVC phenomenon than the
galactic fountain, and at least two more processes are needed for ex-
plaining the Outer Arm extension and the Magellanic stream (for a
detailed discussion see Wakker & van Woerden, 1997).
2.3. The analytic approach
According to Francis Crick, “A theory that agrees with all the data at
any given time is necessarily wrong, as at any given time not all the data
are correct.” There lies the advantage of an analytical fountain model,
because it concentrates on only the most important observational facts
– subject to personal judgment – in order to gain a physical under-
standing of the basic processes involved. Franz Kahn was a master in
this respect, and his seminal paper (Kahn, 1981) shows this impres-
sively. He must have certainly disliked “cartoon physics”, as there is no
single figure within 28 pages (two tables is all the superficial reader can
hope for), but instead everything is developed mathematically ab ovo.
First he derives a useful approximation for the gravitational potential,
consisting of a flat disk and a spherical halo distribution, ascribing
the latter to Population II objects; interestingly, dark matter is not
mentioned. Next he analyses the cooling of the hot gas streaming away
from the disk, and shows that for a wide and most likely range of
HIM parameters, such as ρh and Th, a hydrostatic equilibrium does not
exist (cf. Section 2.1). In the next step the heat input by supernovae
(SNe) is discussed, assuming that SNe occur randomly over the whole
disk and the ambient medium is cool and has uniform density ρ0. By
overestimating ρ0, the effect of HIM heating is underestimated, since
the adiabatic parameter κ increases with decreasing density, and it is
the gas with the highest values of κ which takes longest to cool. Heat
conduction being unimportant, an element of fluid retains its value κs
once it was shocked, until cooling becomes severe.
For illustration, it is shown how neatly one can calculate the mass
of hot gas contributed to the HIM by a single SNR. Starting out
with the Sedov solution for SNRs, rs = at
2/5 with a = (2ESN/ρ0)
1/5,
and using strong shock conditions Ps = (3/4)ρ0 r˙
2 and ρs = 4ρ0,
where Ps and ρs are the post-shock pressure and density, respectively,
we find that κs ∝ t
−6/5. The accumulated mass behind the shock is
Ms = (4/3)piρ0r
3
s ∝ t
6/5, and therefore we obtain the important result
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that κsMs = const. = 0.1ESN/ρ
2/3
0 . The remnant cools fastest in the
outer parts, since the post-shock temperature Ts is lower in the more
recently shocked gas, because the shock speed drops as r˙s ∝ t
−3/5, and
Ts ∝ r˙
2
s ∝ t
−6/5. So when radiative cooling sets in, there are still parts
of the remnant which have κs > κ∗, and which retain hot material. The
mass that an individual remnant roughly contributes to the HIM can be
evaluated in the following way. dMs = ρsdVs = −0.1ESNdκ∗/(κ
2
∗ρ
2/3
0 ),
from which by integration follows for the volume occupied by the mass
M∗ = M(κs > κ∗): Vs = (5/2)M∗κ
3/5
∗ P
−3/5
s , and thus the smoothed
out density of the still hot gas is ρ = M∗/Vs = (2/5)P
3/5
s κ
−3/5
∗ . For
Ph = 10
−12 and ρh = 10
−26, one obtains κ∗ = 4.7 × 10
30 (all in
CGS units).Therefore the mass per SN contributed to the HIM is
M∗ = 0.1ESN/(ρ
2/3
0 κ∗) ≈ 320M⊙, for ESN = 3 × 10
51 erg. There is
one further assumption that enters here: the calculation only holds
as long as different parts of the gas do not mix; however at some
stage the hot gas becomes part of the HIM, and it is assumed that
mixing will then occur instantaneously, with an energy injection of
E0 = 5P/(2ρ) ≈ 2.5×10
14 erg/g. The cooling time for this gas is about
8.3 × 106 years, much larger than the time needed for a SNR to come
into pressure equilibrium with the HIM, and therefore the gas must
expand into the halo. For a galactic SN rate of 1/30 yr−1, the mass flux
into the fountain on either side is 5.3M⊙/yr.
Next we have a look at the fountain flow. For lack of space, we will
restrict ourselves to a qualitative discussion. Clearly, in a dynamical
halo radial motion of the gas is suppressed, if the vertical dominates
the radial pressure gradient. The fountain described in the following
is strictly one-dimensional. Physically the flow is controlled by the
processes of energy injection at the base, radiative cooling and gravita-
tional pull. In contrast to Bregman’s (1980) fountain, the cooling time
is ten times shorter due to the higher initial density, and therefore the
characteristic cooling length is much shorter than the maximum height
of the fountain. Once cooling occurs energy losses become catastrophic,
and one can divide the flow into two distinct regions: in the lower
fountain cooling dominates and gravity is unimportant, and vice versa
in the upper fountain, where the gas moves ballistically.
In the lower part, conservation of mass, momentum and energy of
a steady flow, ensures the existence of a critical layer, where the flow
becomes transsonic. For 1014 < E0 < 2.5×10
14 erg/g the sonic point is
located at 160 < zc < 440 pc. The gas keeps on losing thermal energy
beyond zc and at a distance of 60 < zcool < 450 pc from there the flow
becomes pressureless, and reaches terminal velocity u∞. In the upper
part, at roughly 1 kpc above the galactic plane, gravity determines the
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maximum height by the implicit equation u2∞ = 2Φ0(zmax), which gives
1570 < zmax < 5093 pc; thus the ballistic region is about six times as
large as the cooling region. The rise time to zmax is trise ∼
∫ zmax
0
dz/u
or 3.8× 107 < trise < 5× 10
7 yrs.
Once the flow reverses in a 1D-model it has to interact with the
upward flow. The gas in the descending sheet is so cool that its sound
speed is much lower than the downward flow velocity udown. Applying
the equation of motion and conservation of mass and momentum, it
can be deduced that udown = 1/2uup. The gas moving upwards joins
the sheet after passing through a shock, leading to a reduced effective
gravitational acceleration geff = (3/4) gz . It can be shown that the
cooling of the shock heated gas is so fast that gravity does not have
any effect on its structure. The thickness of the cooling layer is 2 pc <
∆zcool < 385 pc, which is indeed very thin.
Is the flow just described stable against linear perturbations? It is
easy to show that in the plane parallel case no growing modes exist.
This can be understood as follows: moving the sheet ahead of its zero-
order location increases gravity, but this is over-compensated by the
momentum pick-up from the ascending flow, so that as a whole the
sheet is decelerated. However, here is a serious draw-back of the 1D-
calculation. In a 2D-case, it is very likely that the descending sheet
will become Rayleigh-Taylor unstable due to the rising gas from below,
which now does not need to pass through an orderly shock. Instead,
the sheet can fragment, and the uprising gas will rather interact with
downwards moving clouds. On the other hand, if a disk-parallel mag-
netic field is present in the halo, then it would have a stabilizing effect.
In addition the cooling layer will be puffed up by magnetic pressure
support, becoming thicker than the radiating layer. Whereas small
scale disturbances can grow to large amplitude they would only cause
a corrugation of the bottom surface of the sheet, and disturbances with
wavelengths of the order of the sheet would be prevented from growing,
because the distorted shock would stabilize it. Thus at the level of this
analysis, the sheet structure is disturbed but not destroyed.
In subsequent papers, Franz Kahn investigated the effects of the
magnetic field in more detail, in particular the possibility of a fountain
dynamo (Kahn & Brett, 1993). The most important improvements,
however, he worked out shortly before his death (Kahn, 1998), when
he described, again analytically, SN explosions in a hot rarefied medium
like in superbubbles. He shows that subsequent off-centre explosions can
still be described by concentric similarity solutions, because the shock
wave advances rapidly through the rarefied medium and spends most
of the time propagating through the outer shell, where the bulk of the
mass sits. The dynamical effect on the ISM is largest, if SNRs expand
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in the HIM, because radiative cooling is less important than adiabatic
cooling. These considerations led to the 3D fountain calculations of
Avillez (1998), in which it is shown, that once the ISM is disturbed by
explosions it will never return to the original state, but after some time
a frothy disk of half-thickness 1 kpc will develop. Mixing with cooler
gas generates shear and turbulence and the fountain is far from smooth.
These calculations represent an important step forward, but need to be
pursued further to include the effects of magnetic fields in conjunction
with grid refinement (in order to resolve small scale structures that
are present), and above all to include non-equilibrium cooling. The
importance of the latter will be discussed in the next section.
3. Galactic Winds
3.1. Winds in spiral galaxies
It is generally believed that galactic winds in normal spiral galaxies do
not play a significant roˆle during the galactic evolution. The argument
is based on the high temperature in the disk-halo interface needed for
thermal winds; e.g. Habe & Ikeuchi (1980) estimate that T > 5 × 106
K near the solar circle, if n = 10−3 cm−3. However, this completely
ignores the dynamical effects of the non-thermal component of the
ISM, i.e. the cosmic rays (CRs), which have a local energy density
comparable to the thermal plasma. Moreover, CRs are coupled to the
thermal gas, via frozen-in magnetic field lines, having a gyroradius of
only rg = 3.3 × 10
12 Re[GV ]/B[µG] cm, with Re = pc/Ze being the
rigidity (p and Z are the momentum and nuclear charge of the particle,
respectively). The effective propagation speed of the CRs through the
ISM is drastically reduced from the speed of light, c, to the Alfve´n
speed, vA ∼ 80 km/s in the HIM, because CRs strongly interact with
magnetic field fluctuations δB. In particular, if the wavelength of per-
turbations is of the order of the gyroradius, CRs suffer strong scattering
in pitch angle and perform a random walk through the plasma, usually
described by a diffusion process. It is known from the measurement of
secondary CR unstable isotopes like 10Be, that the bulk of CRs leaves
the Galaxy after about 2× 107 yrs, and therefore there exists a spatial
gradient in the CR distribution function. It has been shown that a small
scale anisotropy of pitch angle distribution in the wave frame results in a
so-called streaming instability, leading to a resonant generation of waves
in order to remove the cause of the instability. McKenzie & Vo¨lk (1982)
have shown that this effect can be described in a hydrodynamic fashion
by a CR pressure gradient, ∇Pc. The overall effect is a net momentum
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transfer from CRs to the gas via waves as a mediator, pushing away
the gas from the disk into the halo. It has been demonstrated that
in a flux tube model, including a realistic bulge/disk and dark matter
halo gravitational potential, this process can lead to a secular mass loss
of gas (along with CRs) of the order of M˙GW ∼ 0.5M⊙/yr, given an
initial density of n0 = 10
−3 cm−3, T0 = 10
6K, Pc0 = 10
−13 dyne/cm2
(Breitschwerdt et al., 1991). To be a bit more specific, it is assumed
that there exists a magnetic field component perpendicular to the disk,
like e.g. in NGC4631, with B⊥ = 1µG, bounding the flux tubes. In
order to ensure strong coupling between CRs and gas, the level of
wave turbulence δB/B can be quite small; in fact, non-linear Landau
damping can limit wave growth, leading to dissipative plasma heating
(Zirakashvili et al., 1996; Ptuskin et al., 1997).
As it turns out in the steady state model, the combined pressure
forces of gas and CRs can drive an outflow to infinity above a CR
diffusion region of height |z| ≥ 1 kpc, and there exists a subsonic-
supersonic transition in the flow, like in Kahn’s fountain, if the total
pressure at the critical point exceeds the intergalactic pressure, PIGM.
For finite PIGM there must be a termination shock at a distance roughly
given by ρ∞u
2
∞ ∼ PIGM, or rts ∼ (u∞M˙GW/PIGM)
1/2 ≈ 300 kpc, for
u∞ = 300 km/s and PIGM = 10
−15 dyne/cm2. In clusters of galaxies,
PIGM can be large enough to quench steady-state winds (Vo¨lk et al.,
1996). The importance of CRs is a consequence of their basically in-
finite scale height4 and that they are not subject to cooling5 except
adiabatic energy losses by pdV -work. Like in the case of the galactic
fountain, the specific enthalpy of the gas (and the CRs) supplied at
the base of the flow determines the structure of the wind. In spirals,
we can crudely assume that there are global outflows, wherever hot gas
percolates through the extended Hi and Hii layers, and local outflows,
driven by one or more superbubbles6. A typical local outflow, which
might produce part of the SXRB, is shown in Fig. 1. Note that in
Fig. 1b a snapshot of the emissivity of the expanding wind is taken
when the kinetic temperature is already down to 4.1 × 104 K, and
most of the emission is due to delayed recombination (Breitschwerdt
& Schmutzler, 1994; 1999), because collisional excitation of lines in
the soft X-rays is impossible. Here another word of caution has to
be added. In the literature one can frequently find hydrodynamical
4 Relativistic particles do not feel a gravitational field in the galaxy.
5 The dynamically important CRs are the nucleons; only electrons, which make
up 1% in total, will lose energy by synchrotron emission and inverse Compton effect.
6 It is often thought and shown in numerical simulations that a disk-parallel
magnetic field can severely inhibit an outflow. However, such a field is susceptible
to Parker instability (see Kamaya et al., 1996).
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Figure 1. Left: a) Outflow velocity u(z), Alfve´n velocity vA(z) and “compound
sound speed” c∗(z) (accounting for thermal, CR and wave disturbances) for a lo-
cal galactic wind, with boundary conditions indicated. Right: b) High resolution
photon spectrum for the local non-equilibrium emission from a local galactic wind,
normalized to electron density ne
2 at a kinetic temperature of 4.1× 104 K.
calculations including “non-equilibrium” cooling, like e.g. in Houck &
Bregman (1990) for a low-temperature galactic fountain, who give a
“non-equilibrium cooling function” for a gas with cosmic abundances
in the energy range 104− 106 K. It is argued that the error by ignoring
the detailed ionization structure is small, because the total emitted
power should be roughly constant. It is clear that if one is interested
in the emergent spectrum, the distribution of ionization stages can-
not be neglected. But more importantly, such an assumption ignores
the dynamical and thermal coupling of the plasma. In an expanding
plasma like a fountain or wind, the dynamical time scale can be shorter
than the ones for ionization and recombination. Therefore the cooling
function evolves in time and has to be calculated self-consistently with
the dynamical and thermal structure of the plasma at each time-step
(Breitschwerdt & Schmutzler, 1999).
3.2. Winds in starburst galaxies and AGN
The existence of galactic winds is most obvious in starburst galaxies,
and for some reason these winds have been coined “superwinds”. They
are most easily detected in the optical and X-ray spectral region. In
X-rays they show up by their spatial extent (excellently traced by the
ROSAT HRI instrument; Tru¨mper 1983) and characteristic emission
line spectra (detected with ASCA), and many superwinds have been
found in recent years in starburst galaxies (e.g., NGC2146, NGC4945,
NGC4666, Mrk 1259, NGC 2782, NGC1365, NGC3079) and mergers
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(e.g., Arp 299, NGC6240). Prominent examples are M82 and NGC253,
which have been reported to be underabundant in heavy elements (e.g.
Ptak et al., 1997). It seems to us that this is an artifact and more likely
a consequence of non-equilibrium cooling, which must be very strong
due to the high flow speeds (e.g. ∼ 1000 km/s in M82). Preliminary
calculations have shown that indeed the collisional excitation of the
Fe-Kα line in a fast expanding wind is weak.
In active galactic nuclei (AGN), winds are expected to develop in
the central region. They may play an important roˆle in AGN unification
schemes and are linked in some way or the other to the ‘central engine’:
Firstly, winds are expected to form in relation to accretion disks, re-
moving angular momentum of the accreted matter. Several mechanisms
have been explored to drive the wind, like centrifugal forces or radiation
pressure (e.g., Ko¨nigl & Kartje, 1994, Murray et al., 1997). Secondly,
near-nuclear dusty gas is very sensitive to radiation pressure and strong
winds will be driven this way (e.g., Pier & Voit, 1995). Components of
the active nucleus that contain dust are the putative molecular torus
and/or the so-called dusty ‘warm absorbers’ (see Komossa et al., these
proceedings). In particular, there are both, observational indications
(see, e.g., the case of NGC 4051; Komossa, 1999) and theoretical ex-
pectations (e.g., Krolik & Kriss, 1995) that this warm material is not
in ionization equilibrium, whereas this assumption is usually imposed
when modelling warm absorbers. Thirdly, on kiloparsec scales, outflows
could originate when AGN-driven jets entrain and heat gas as they
make their way out of the galaxy (Colbert et al., 1998).
4. Summary and Outlook
Galactic outflows can be divided into fountains and winds, depending
on whether some of the mass is lost in a secular fashion or not. Obser-
vationally, the difference is hard to tell by just looking at the rising gas,
because one should be able to measure velocity and density gradients.
But only if the flow were steady-state one would be able to discriminate.
However, it is very likely that outflows are time-dependent, since a
typical flow time of 108 years is larger than the life time of superbubbles,
the most efficient driving sources. Nonetheless, substantial progress will
be made with high-resolution X-ray spectroscopy by AXAF and XMM,
because the dynamical signature of hot outflowing gas will be present
in the spectra due to the non-equilibrium ionization structure. Clearly,
high-velocity clouds should be a consequence of fountain return flows.
Fountains and winds are not mutually exclusive, but rather repre-
sent different modes of outflow, realized by different initial conditions
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in density, temperature, CR pressure and magnetic field strength and
topology near the disk. If for some reason, CR coupling to the plasma
is lost and CR diffusion dominates advection, a fountain will ensue
(Breitschwerdt et al., 1993), coexisting with a wind flow nearby.
Finally, outflows are an essential phase in galaxy evolution, because
they prevent the reheating catastrophe of the disk and thus make
star formation a continuous process. In particular winds take away a
significant fraction of chemically enriched material over a Hubble time.
DB acknowledges financial support from the Deutsche Forschungsge-
meinschaft by a Heisenberg Fellowship.
References
Avillez, M.A. PhD Thesis, University of E´vora, 1998.
Bregman, J.N. 1980, ApJ 236, 577
Breitschwerdt, D., McKenzie, J.F., Vo¨lk, H.J. 1991, A&A 245, 79
Breitschwerdt, D., McKenzie, J.F., Vo¨lk, H.J. 1993, A&A 269, 54
Breitschwerdt, D., Schmutzler, T. 1994, Nature 371, 774
Breitschwerdt, D., Schmutzler, T. 1999, A&A 347, 650
Colbert E.J.M., Baum S.A., O’Dea C.P., Veilleux S. 1998, ApJ 496, 786
Cox, D.P., Smith, B.W., 1974, ApJ 189, L105
Habe, A., Ikeuchi, S. 1980, Prog. Theor. Phys. 64, 1995
Houck, J.C., Bregman, J.N. 1990, ApJ 352, 506
Jenkins, E.B., Meloy, D.A. 1974, ApJ 193, L121
Kahn, F.D. 1976, A&A 50, 145
Kahn, F.D., 1981, In Investigating the Universe, ed. F.D. Kahn, Reidel, p. 1
Kahn, F.D., 1998, In The Local Bubble and Beyond, IAU Coll. 166, eds. D.
Breitschwerdt, M.J. Freyberg, J. Tru¨mper, Lecture Notes in Physics 506, 483
Kahn, F.D., Brett, L. 1993, MNRAS 263, 37
Kamaya H., et al. 1996, ApJ 458, 25
Komossa S., 1999, A&A submitted
Ko¨nigl A., Kartje J.F. 1994, ApJ 434, 446
Krolik J.H., Kriss G.A. 1995, ApJ 447, 512
McKenzie, J.F., Vo¨lk, H.J. 1982 A&A 116, 191
Murray N., Chiang J., Grossman S.A., Voit G.M. 1995, ApJ 451, 498
Pier E.A., Voit G.M. 1995, ApJ 450, 628
Ptak, A., Serlemitsos, P., Yaqoob, T., Mushotzky, R. 1997, AJ 113, 1286
Ptuskin, V.S., Vo¨lk, H.J., Zirakashvili, V.N., Breitschwerdt, D. 1997, A&A 321, 434
Shapiro, P.R., Field, G.B. 1976, ApJ 205, 762 (SF76)
Shapiro, P.R., Moore, R.T. 1976, ApJ 207, 460
Spitzer, L.jr. 1956, ApJ 124, 20
Tru¨mper J., 1983, Adv. Space Res. 2, 241
Vo¨lk, H.J., Aharonian, F.A., Breitschwerdt, D. 1996, Sp. Sci. Rev. 75, 279
Wakker, B.P. 1991, A&A 250, 499
Wakker, B.P., van Woerden, H. 1997, ARA&A 35, 217
Williamson, F.O., et al. 1974, ApJ 193, L133
Zirakashvili, V.N., Breitschwerdt, D., Ptuskin, V.S., Vo¨lk, H.J. 1996, A&A 311, 113
breitschwerdt.tex; 30/01/2018; 10:37; p.12
